Boiling is induced in microchannel geometry (hydraulic diameter 727 m) to investigate several flow instabilities. A transparent, metallic, conductive deposit has been developed on the exterior of rectangular microchannels, allowing simultaneous heating and visualisation.
Presented in this paper is data for a particular case with a uniform heat flux of 4.26 kW/m 2 applied to the microchannel and inlet liquid mass flowrate, held constant at 1.13x10 -5 kg/s. In conjunction with obtaining high-speed images, a sensitive Infra Red camera is used to record the temperature profiles on the exterior wall of the microchannel, and a data acquisition system is used to record the pressure fluctuations over time. Various phenomena are apparent during the flow instabilities; these can be characterised into timescales occurring at 100's seconds, 10's seconds, several seconds and finally 
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INTRODUCTION
Boiling heat transfer can be applied to heat exchange processes and energy conversion.
High heat and mass transfer coefficients are associated with single-phase flow and flow boiling in narrow channels. This has already made microchannels attractive in electronics cooling applications [1, 2] , developments in Microelectromechanical systems (MEMS) devices, in the design of compact evaporators and heat exchangers [3, 4] , inkjet printers and for process intensification, such as in space laboratories. Boiling flows are particularly important; they provide an effective method of fluid movement, less pumping power is required than single-phase liquid flow to achieve a given heat removal, and they have large heat dissipation capabilities. Microchannels can be used as micro-cooling elements for laptop computer chips, electronic components and aerospace avionics components; in these situations their compact size and heat transfer abilities are unrivalled.
The heat transfer process and hydrodynamics occurring in microchannels are distinctly different than that in macroscale flows [3, [5] [6] [7] , so only some of the available macroscale knowledge can be applied to the microscale. Currently there is poor understanding of the mechanism of flow boiling heat transfer in microchannel geometry [8] . It was previously concluded by researchers that nucleate boiling controls evaporation in microchannels [9] .
However, now it is thought that the controlling heat transfer mechanism is the evaporation of the thin liquid film around the bubbles inside microchannels [10] . There are several general literature reviews on the subject [11] [12] [13] .
The modelling of the thin liquid film region and the meniscus region of capillary flows can be found in the literature [14] [15] [16] [17] . The mechanisms concerning the development and the progression of a liquid-vapour interface through a microchannel are still unclear. Physical phenomena such as bubble confinement [3] and thin film evaporation have been recorded by researchers, and subsequently attempts have been made to explain these observations. It is thought that surface tension, capillary forces and wall effects are dominant in small diameter channels. Various phenomena are observed as the bubble diameter approaches the channel diameter; that is as the bubbles become more confined. The channel's diameter can become so confining that only one bubble exists in the cross-section, sometimes becoming elongated. This is in stark contrast to flows seen in macrochannels, where numerous bubbles can exist at one time.
There are various flow instabilities noted in the literature [18] [19] [20] There are references in the literature to reverse flow [18, 21] . Flow visualisation was made with a high speed camera by Brutin et al. [18] . The flowing liquid enters the microchannel and nucleation begins. The wall superheat allows the vapour bubble produced to grow rapidly, coalescing and forming a vapour slug. Several investigators [17] have considered this vapour slug as an elongated bubble. This rapid bubble growth is greater than the rate the vapour can exit the channel. There is hence a vapour build-up in the channel, with a thin liquid film at the channel walls. Channel dry-out can occur and the over-pressure produced by the vapour slugs reduces the upstream boiling flowrate.
Bubbles growing before the vapour slug slow down, and quickly the whole channel crosssection is filled. The vapour needs to expand, and the liquid-vapour interface at both sides of the vapour slug is pushed upstream and downstream. This leads to the inflowing liquid being pushed back to the channel entrance, i.e. the vapour bubbles recoil, creating a reverse flow in the microchannel. It has been also noted by Brutin et al. [18] that pressure oscillations accompany the (afore mentioned) visual observations of flow reversal in a microchannel.
Surface temperature rises are expected to occur at equivalent times to the channel filling with vapour. Since the heat flux at the channel walls is usually removed by the fluid boiling, the surface temperature of the vapour-filled channel will rise dramatically. It is also thought that there will be hot spots of temperature at the triple point (bubble edges).
Fluctuations in the pressure drop across the channel accompany the occurrence of flow reversal, with flow accelerations to refill the vapour spaces. When the channel is empty, and the pressure drop across the channel has been re-established, the liquid will once again begin to flow into the channel. Bubbles will be formed again quickly, due to the increased surface temperature of the channel, and the phenomena will be repeated. Physical quantities such as flowrate and pressure drop, as well as temperature variations, will be important variables in understanding and predicting the flow instability. It has been demonstrated by many authors [22] [23] [24] that during intense evaporation and high temperatures, vapour recoil instability can develop. The exact role and contribution of this mechanism is still not fully elucidated.
The differential vapour recoil mechanism was first noted by Hickman in 1952 [25] during his experiments on the evaporation of liquids at reduced pressures. A rapidly evaporating liquid in a confined space is not able to remain stable during local variations in the evaporation rate, i.e. the forces exerted at the interface when the vapour rapidly departs two identically dimensioned minichannels; one which is used to gather heat transfer data, with thermocouples placed along the flow length of the channel, and another that is used purely for flow visualisation with no thermocouples present. This is a common trend among researchers.
Also in the literature there are many researchers who provide uniform heating to their microchannels, typically via electrical resistance to metal tubing. Kew and Cornwell [3] used as their minichannels, stainless steel circular tubing of inner diameter range 1.39-3.69 mm, heated via d.c. current. Wambsganss et al. [7] used a circular minichannel of inner diameter 2.92 mm, constructed of stainless steel and heated via d.c. current. Tran et al. [9] used two different geometry minichannels; one circular of inner diameter 2.46 mm and the other rectangular of hydraulic diameter 2.40 mm, both channels were heated by means of electrical resistance and d.c. current. Even though these researchers manage to provide uniform heating to their mini and microchannels, they are not able to visualise the flow inside the channels whilst heating it.
Infrared thermography has been previously used in the literature in determining heat transfer measurements. Hetsroni et al. [32] conducted an experimental study where they coupled an IR camera with high speed imaging for temperature and flow pattern analysis inside mini and microchannels. Temperature profiles generated by evaporative cooling of meniscus interfaces inside capillary tubes have also been investigated with the use of an IR camera by Buffone and Sefiane [33] . The IR technique has also been successfully applied to study boiling [34] , mainly due to its fast time response.
The objective of this work is to look in detail at a particular flow instability, under set experimental conditions, using various data; namely IR camera for temperature profiles, pressure sensors measuring the channel pressure drop, and high speed camera imaging the flow. It is possible to measure the local heat transfer coefficient at the same time as recording the local flow visualisation. This data will be analysed and discussed in detail, paying particular attention to the three timescales evidenced in the occurrence of flow instabilities.
EXPERIMENTAL APPARATUS
The novel aspect of this research is the simultaneous data acquisition of pressure, temperature, wall heat transfer parameters and flow visualisation. This has been made possible due to a transparent, metallic deposit of Tantalum on the exterior wall of rectangular microchannels of hydraulic diameter 727 µm, and the use of an infra red camera. This tantalum deposit is both conductive and transparent at the thickness relates the heat transfer resistance inside and at the surface of a heated body, will allow us to better understand the heat transfer occurring. Comparing the conduction resistance to the convection resistance, a Biot number of 0.02 was calculated. Since Bi<<0.1, it can be said that the heat conduction inside the body is much faster than the heat conduction away from its surface, and temperature gradients are negligible inside of it. From this, we can state that the exterior wall temperature field is approximately the temperature field of the interior wall of the microchannel.
EXPERIMENTAL PROCEDURE
The n-pentane liquid is degassed to remove non-condensables before it enters the flow In figure 4 , data over a time period of 750 seconds is presented. Large temporal fluctuations can be seen in both the temperature data and the pressure data. These peaks in the temperature and pressure data are well correlated over the whole time period. It can be seen in the temperature data of fig. 4 , that there exists both larger amplitude fluctuations (approx. 35 °C and 25 °C) with long periods (approx. 300 and 150 seconds), and also smaller amplitude fluctuations (approx. 16 °C) with a short period (approx. 15 seconds).
RESULTS

Presented in the following
During the temperature and pressure data collection process, the boiling phenomena are captured simultaneously by a high speed camera. From analysis of the video images (see figure 7 ), these small-amplitude/short-period fluctuations appeared to have been caused by the bubble dynamic instabilities during the two-phase flow period. This finding is very similar to that noted by Wu and Cheng [35] , who also presented correlated temperature and pressure data. In addition to this behaviour observed in our experiments; fluctuations at shorter timeframes were revealed, see figure 7 . Thanks to the high sensitivity of our pressure and temperature measurements, we could pick out fluctuations at much smaller timescales.
In figure 5 , data over a time period of 80 seconds is presented. Again the various peaks in both the temperature, average heat transfer coefficient and the pressure data are well As previously discussed, there are phenomena occurring at three different timescales.
The data presented in figure 7 , shows images taken with a high speed camera at a relatively low frame rate of 200 fps. This was done so as to observe the phenomena occurring over 100's of seconds timeframe.
A vapour slug fills the microchannel. The liquid-vapour interface of this slug begins to pertubate, and deform. This perturbation of the interface grows over time. This produces a bubble to be generated in the bulk fluid. Interpreting this observation further, the mechanisms of vapour evaporation must be looked at in more detail. Vapour recoil could be the dominant effect here. As molecules are leaving the vapour phase, they exert a recoil force on the liquid phase, hence prompting reverse flow and thermocapillary instabilities.
During strong evaporation it can be seen that the interface deforms, this also appears to be a cyclic phenomenon, occurring over a time period of approximately 38 seconds. This breakdown of the liquid-vapour interface can be seen in more detail in figure 8 , where the frame rate of the high speed camera was 2500 fps. wall, has now progressed as far as the centre of the meniscus, and is much more defined.
The high speed video recorded also allows the buoyancy effect of the meniscus in the microchannel to be seen. This particular flow instability settles down after a time period of approximately 40 ms, and is also a cyclic phenomenon.
Initially in figure 8 , there is de-wetting at the edge of the microchannel, first occurring at t=0.4 ms. Over a time period of 0.4 ms we can clearly see that the meniscus starts to become de-stabilised, and de-wetting at the wall is observed. This instability propagates across the interface; a likely mechanism for this is vapour recoil, due to intense evaporation at the microchannel walls and the de-wetting phenomenon. The onset of this interface oscillation led to a corresponding overpressure in the microchannel.
The images seen in figure 9 were taken with a high speed camera at a frame rate of 1000 fps. Instability of the thin liquid film at the microchannel wall can be visualised here. It is also a cyclic phenomena, re-occurring over 12 frames (time period= 12 ms). The high curvature at the edges of the microchannel, due to the nature of the geometry, leads to strong capillary effects, where the liquid is sucked towards the channel edges. This liquid film becomes unstable due to the high wall temperatures and high evaporation rates present in the microchannel.
All the flow imaging data presented has added another depth to aid in understanding the phenomena occurring inside the microchannel at equivalent instances to the global data across the microchannel, such as average temperature, average heat transfer coefficient and pressure drop. The flow and interface instabilities described in figures 8 and 9 are clearly correlated to pressure and temperature fluctuations. This corroborates the idea that various mechanisms operating at different timescales are present during flow boiling in a microchannel.
CONCLUSION
Understanding two phase flow boiling in microchannels is of paramount importance to It was possible to correlate the temperature and heat transfer coefficient data to the pressure data collected, during experimental runs. Phenomena over three timescales could be noted.
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